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A B S T R A C T

Questions: In people recovering from traumatic brain injury, is a 3-month ballistic resistance training
program targeting three lower limb muscle groups more effective than non-ballistic exercise rehabilitation
for improving mobility, strength and balance? Does improved mobility translate to better health-related
quality of life? Design: A prospective, multicentre, randomised trial with concealed allocation, intention-
to-treat analysis and blinded measurement. Participants: A total of 144 people with a neurological move-
ment disorder affecting mobility as a result of traumatic brain injury. Intervention: For 3 months, the
experimental group had three 60-minute sessions of non-ballistic exercise rehabilitation per week replaced
by ballistic resistance training. The control group had non-ballistic exercise rehabilitation of equivalent time.
The non-ballistic exercise rehabilitation consisted of balance exercises, lower limb stretching, conventional
strengthening exercises, cardiovascular fitness training and gait training. Outcome measures: The primary
outcome was mobility measured using the High-Level Mobility Assessment Tool (HiMAT). Secondary out-
comes were walking speed, strength, balance and quality of life. They were measured at baseline (0 months),
after completion of the 3-month intervention (3 months) and 3 months after cessation of intervention (6
months). Results: After 3 months of ballistic resistance training, the experimental group scored 3 points (95%
CI 0 to 6) higher on the 54-point HiMAT than the control group and remained 3 points (95% CI –1 to 6) higher
at 6 months. Although there was a transient decrement in balance at 3 months in the experimental group,
the interventions had similar effects on all secondary outcomes by 6 months. Participants with a baseline
HiMAT , 27 gained greater benefit from ballistic training: 6 points (1 to 10) on the HiMAT. Conclusion: This
randomised trial shows that ballistic resistance training has a similar or better effect on mobility than non-
ballistic training in people with traumatic brain injury. It may be better targeted towards those with more
severe mobility limitations. Trial registration: ACTRN12611001098921. [Williams G, Hassett L, Clark R,
Bryant AL, Morris ME, Olver J, Ada L (2022) Ballistic resistance training has a similar or better effect on
mobility than non-ballistic exercise rehabilitation in people with a traumatic brain
injury: a randomised trial. Journal of Physiotherapy -:-–-]
© 2022 Australian Physiotherapy Association. Published by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Traumatic brain injury (TBI) is the leading cause of death and
disability in adolescents and adults aged up to 45 years.1 The inci-
dence of TBI in Australia is 300 per 100,000.1 Mobility limitations are
common in people with moderate to severe TBI.2,3 Reduced walking
speed and endurance can restrict the ability to perform everyday
activities, access the community, cross roads or keep up with peers.
Higher level mobility skills, such as the ability to run and jump, are
. Published by Elsevier B.V. This is a
important for many social, leisure and sporting activities, yet
approximately 75% of people with moderate to severe TBI do not
resume their pre-morbid activities.2 Mobility limitations can have
pervasive and extensive physiological and psychological sequelae,
and are associated with reduced cardiovascular fitness, increased
susceptibility to fatigue and reduced ability to exercise aerobically
after TBI,4-6 as well as poor emotional health.7,8

Despite the prevalence and severity of motor impairments such as
poor balance and spasticity, the main contributor to mobility
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limitations following TBI is low muscle power generation from
paretic muscles.9–11 Many clinical trials have shown strength training
to be effective for improving muscle strength for people with
neurological conditions, yet these improvements have often failed to
translate into improved mobility.12,13 They appear to have failed for
two main reasons: exercises were performed slowly with low power
production,12 and most exercises did not target the three main
muscle groups (ie, ankle plantarflexors, hip flexors and hip extensors)
that provide the majority of power generation for forward propul-
sion.12,14,15 The American College of Sports Medicine publishes
guidelines for resistance training,16 which highlight the importance of
exercise specificity. Past failures of clinical trials in neurological co-
horts to improve walking have led to the development of a new
biomechanics-driven framework for resistance training,17 which aims
to implement resistance exercises that replicate muscle function for
walking.

Muscle strength reflects the maximum amount of force a muscle
can produce, whereas muscle power reflects how quickly force can be
generated, or the ‘rate of force production’. Ballistic, or fast, resistance
exercises are used to improve muscle power generation,16 yet are
relatively novel in neurological rehabilitation.18 Ballistic resistance
exercises are feasible for people with TBI to improve power genera-
tion for mobility;19,20 they are important as they train muscles to
contract quickly, which is required for walking21 and higher levels of
mobility such as stair climbing and running. In people with neuro-
logical conditions, ballistic resistance training is safe and feasible,18

and associated with a 60 to 74% increase in peak power genera-
tion.19 Further, ballistic exercises can improve lower-limb power
generation during walking and, in some cases, can reverse compen-
satory patterns that may develop during the early recovery phase.22

Most importantly, improved mobility is associated with greater
health-related quality of life in TBI,23 and improved physical out-
comes have been identified as an international research priority.24

Therefore, the research questions for this prospective, multicentre,
randomised trial were:

In people recovering from TBI,

1) is a 3-month ballistic resistance training program more effec-
tive than non-ballistic exercise rehabilitation for improving
mobility, leg strength and balance?

2) does improved mobility translate to better health-related
quality of life?
Methods

Design

A prospective, multicentre, randomised, single blind trial of a
3-month exercise program was conducted during the early phase of
rehabilitation following TBI (Figure 1). The trial protocol was
registered (Australian New Zealand Clinical Trials Registry
ACTRN12611001098921), published,25 conformed to the CONSORT
guidelines26 (Appendix 1 on the eAddenda) for reporting clinical
trials and the CONSERVE statement for reporting trials affected by
coronavirus (COVID-19),27 and was reported using the template for
intervention description and replication (TIDieR) checklist (Appendix
2 on the eAddenda).28 People with TBI were recruited from brain
injury units in Victoria, New South Wales and South Australia in
Australia. Participants were randomised to the experimental or con-
trol group via a randomisation schedule that was prepared by the
trial biostatistician who was not involved in recruitment or mea-
surement. Allocation was stratified according to site and level of
disability such that participants scoring � 27 on the High-level
Mobility Assessment Tool (HiMAT) were classified as moderate, and
those scoring , 27 were classified as severe. Random permuted
blocks were used so that after every block, the two groups contained
approximately equal numbers of each level of disability. Group allo-
cation was concealed using consecutively numbered, opaque
envelopes, which were opened after completion of the baseline
measurement by the therapist delivering the intervention. Due to the
nature of the intervention the participants and the therapist deliv-
ering the intervention could not be blinded to the participants’ group
allocation.

For 3 months, participants in the experimental group had three of
their 60-minute sessions of usual physiotherapy intervention
replaced by three 60-minute sessions of ballistic resistance training
per week (including ballistic resistance and gait training), while the
control group had three of their 60-minute sessions of usual phys-
iotherapy intervention standardised (including conventional
strength, balance, stretch, cardiovascular fitness and gait training) so
that all participants had equivalent overall therapy time. The acute
recovery phase following TBI is longer than in other areas of neuro-
logical rehabilitation, partly due to cognitive deficits affecting
learning. However, prior research has shown that a 3-month inter-
vention is sufficient to detect gains in mobility in people who have
sustained a TBI within the last 12 months.29 The therapists were
dedicated trial therapists for both groups and the timing of sessions
was organised so that participants were unaware of who the other
participants were and what their intervention was. An independent
clinician trained in collecting outcome measures and blinded to the
group allocations measured outcomes at baseline (0 months), after
completion of the 3-month intervention (3 months), and 3 months
after cessation of intervention (6 months).
Participants, therapists, centres

To be eligible to participate in the study, patients were required to
have a neurologically based movement disorder affecting mobility as
a result of TBI (TBI severity determined by duration of post-traumatic
amnesia measured prospectively using the Westmead post-traumatic
amnesia scale30). The other inclusion and exclusion criteria are
detailed in Box 1.

Information such as age, sex, height, weight, severity of injury
(length of time of post-traumatic amnesia), time since injury and
orthopaedic injuries was collected to describe the sample.

Therapists delivering the intervention were included if they were
physiotherapists or exercise physiologists with a minimum of 3 years
of experience working in TBI and neurological rehabilitation.

Dedicated brain injury units were included if they had � 50 pa-
tients with TBI admitted acutely per year.
Intervention

The experimental group received ballistic resistance training
(Appendix 3 on the eAddenda) that was performed according to the
American College of Sports Medicine guidelines governing frequency,
duration, intensity and progression to ensure an optimal training
stimulus and transfer of training gains.16 The muscle groups targeted
for power generation were the ankle plantarflexors, hip flexors and
hip extensors, and the muscle groups targeted for power absorption
were the knee extensors. Ballistic resistance training was tailored to
the severity of strength deficits with initial loads being low to facil-
itate high contraction velocities. When participants could consistently
perform the high velocity exercises, the load was progressively
increased.16 The exercises included: leg extension jumps on a ‘leg
sled’; calf raises on a ‘leg sled’; stair ascent and descent; reciprocal leg
extension on a mini-trampoline; and fast cyclical hip and knee flexion
in standing.25

The control group received balance exercises, lower limb
stretching, conventional strengthening exercises, cardiovascular
fitness training and gait training.6,8,31 The exercises included: static
balance exercises (single limb or tandem stance); dynamic balance
exercises (figure of eight or heel-to-toe walk); stretching of major
muscle groups; conventional strengthening exercises on a leg press or
quadriceps curl focusing on high resistance and slow force produc-
tion; and cardiovascular fitness training using an exercise bike or arm
ergometer.



Measured mobility, walking speed, strength, balance, HRQoL (n = 144)

n = 70 n = 74

Month 3

Month 6

• Standard rehabilitation • Standard rehabilitation

Month 0

Screening of people admittedfor rehabilitation after TBI (n = 2,074) 

Experimental group 
• Ballistic resistance and 

gait training, 60 min x 3 
sessions/wk x 12 wk

• Standard rehabilitation

Control group
• Non-ballistic exercises (strength, 

balance, stretch, cardiovascular 
fitness, gait training), 60 min x 3 
sessions/wk x 12 wk

• Standard rehabilitation

Lost to follow-up (n = 8)

• withdrew (n = 2)
• unavailable (n = 5)
• COVID (n = 1)

n = 62 n = 69

n = 56 n = 58

Reasons for exclusiona

• no movement disorder as a result of TBI (n = 1,108)
• not correct age or time after injury (n = 266)
• not mobile enough (n = 174)
• had conditions preventing participation (n = 194)
• did not consent (n = 32)
• other (n = 155)
• randomised in error (n = 1)

Lost to follow-up (n = 5)

• withdrew (n = 1)
• unavailable (n = 2)
• COVID (n = 2)

Lost to follow-up (n = 6)

• withdrew (n = 2)
• unavailable (n = 3)
• COVID (n = 1)

Lost to follow-up (n = 11)

• withdrew (n = 2)
• unavailable (n = 6)
• COVID (n = 3)

Measured mobility, walking speed, strength, balance, HRQoL (n = 131)

Measured mobility, walking speed, strength, balance, HRQoL (n = 114)

Figure 1. Design and flow of participants through the trial.
a Participants could be excluded for more than one reason.
COVID = coronavirus, HRQoL = health-related quality of life, TBI = traumatic brain injury.

Box 1. Eligibility criteria for participants.

Patients with TBI were included if they:
� had a neurologically based movement disorder affecting
mobility as a result of TBI

� out of post-traumatic amnesia
� were aged 15 to 65 years
� were , 12 months post-injury
� could fully weight bear and walk independently (without
assistance from an aid or therapist) for 10 m

� had a mobility limitation (scored , 50 for males, , 44 for
females on the HiMAT)

Patients were excluded if they:
� or their proxy, were unwilling or unable to provide informed
consent

� had a previously diagnosed central nervous system disorder
� had severe cognitive or behavioural problems that prevented
participation

� had orthopaedic conditions (eg, osteoarthritis) or injuries
restricting mobility.

HiMAT = High-level Mobility Assessment Tool, TBI = traumatic
brain injury.
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Both groups received up to 10 minutes of gait training each ses-
sion focusing on: the quality of walking; walking outdoors and over
uneven surfaces; and road crossing for community access.

Dedicated trial therapists received training in delivery of the
experimental and control interventions to ensure consistency. Inde-
pendent annual inspections were conducted at each facility to ensure
the fidelity of the intervention. The content of sessions for both groups
was recorded so that adherence to the protocol could be reported.

Outcome measures

Primary outcome
The primary outcome was mobility measured using the

HiMAT.32,33 It consists of 13 mobility items such as walking, stair use,
running, skipping, hopping and jumping. The HiMAT was selected as
the primary outcome measure because people with TBI are typically
younger than people with other neurological health conditions and
therefore require higher levels of mobility to participate fully in their
community. Each item is measured using either a stopwatch or tape
measure and scored and summed for a total HiMAT score (0 to 54),
where higher scores indicate better performance. The HiMAT has
been validated for use in TBI, with a 4-point improvement being
considered clinically worthwhile.33



Table 1
Characteristics of participants and centres at baseline.

Characteristic All
(n = 144)

Randomised
(n = 144)

Lost to month 3 follow-up
(n = 13)

Lost to month 6 follow-up
(n = 30)

Exp (n = 70) Con (n = 74) Exp (n = 8) Con (n = 5) Exp (n = 14) Con (n = 16)

Participants
Age (yr), mean (SD) 34 (14) 34 (14) 34 (14) 33 (17) 38 (18) 31 (14) 33 (16)
Sex, n males (%) 112 (78) 54 (77) 58 (78) 6 (75) 3 (60) 12 (86) 11 (69)
Height (m), mean (SD) 1.77 (0.09) 1.77 (0.09) 1.77 (0.09) 1.71 (0.09) 1.80 (0.13) 1.73 (0.08) 1.76 (0.09)
Weight (kg), mean (SD) 76 (14) 75 (16) 77 (12) 70 (19) 69 (9) 73 (17) 73 (10)
Time since trauma (days), mean (SD) 115 (76) 114 (76) 116 (77) 88 (24) 81 (36) 117 (93) 103 (77)
Time in PTA (days), mean (SD) 59 (40) 61 (41)

(n = 68)
57 (40)
(n = 73)

48 (23) 45 (39) 61 (39) 53 (53)
(n = 15)

Lower-limb orthopaedic injuries, n (%)
0 fractures 122 (85) 58 (83) 64 (86) 7 (88) 4 (80) 12 (81) 13 (81)
1 fracture 16 (11) 10 (14) 6 (8) 1 (12) 1 (20) 2 (14) 2 (13)
2 fractures 6 (4) 2 (3) 4 (5) 0 (0) 0 (0) 0 (0) 1 (6)

Glasgow Coma Scale (1 to 15), mean (SD) 6 (4) 6 (4) 6 (4) 5 (2) 7 (5) 6 (3) 7 (4)
Affected side, n right (%) 64 (44) 30 (43) 34 (46) 3 (38) 2 (40) 6 (43) 6 (38)

Centres, n participants (%)
A 91 (63) 45 (64) 46 (62) 5 (63) 2 (40) 8 (57) 7 (44)
B 16 (11) 7 (10) 9 (12) 1 (13) 0 (0) 1 (7) 2 (13)
C 25 (17) 12 (17) 13 (18) 2 (25) 2 (40) 4 (29) 5 (31)
D 1 (1) 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
E 11 (8) 5 (7) 6 (8) 0 (0) 1 (20) 1 (7) 2 (13)

PTA = post-traumatic amnesia.
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Secondary outcomes

Self-selected walking speed was measured using the 10-m walk
test and reported in metres per second.

Muscle strength was measured with a six-repetition maximum
seated single leg press performed on the participant’s more-affected
leg and reported in kilograms.

Balance was measured with the Single Leg Stance test for each leg
with eyes open and eyes closed, and the average of the four condi-
tions reported in seconds (maximum 30 seconds).

Health-related quality of life was measured with the Assessment
of Quality of Life (AQOL-6D) and reported as a score from –0.04 to
1.00, with higher scores indicating better quality of life. It consists of
20 questions across six domains (independent living, social, mental
health, coping, pain and sensory perception). It has been validated in
an Australian sample of people with TBI, and has been used to
demonstrate that improved mobility is associated with better quality
of life following TBI.23 An adolescent version was used for partici-
pants aged , 18 years.

Data analysis

Sample size calculations were based on data obtained from
two studies where the HiMAT was the primary outcome mea-
sure.10,29 These data were from TBI populations similar to the
current sample. The planned sample size of 66 patients per group
(ie, 132 in total) was based on an analysis of covariance (ANCOVA)
primary endpoint analysis. This sample size allowed reporting of
a clinically worthwhile difference in HiMAT scores (� 4 points out
of 54) at the 5% level (two-tailed), with a power of 90%. Allowing
for a drop-out rate of 20% equated to 83 per group (ie, a total
sample size of 166).

The endpoint was 6 months after admission to the study.
ANCOVA was used to estimate group differences at 3 and 6 months.
The analysis was adjusted for baseline HiMAT score, patient age, sex
and severity of injury (length of time of post-traumatic amnesia).
The three missing post-traumatic amnesia scores were replaced
with the group mean. The primary analysis was intention-to-treat.
Given that there was a high delivery of the intervention, the plan-
ned per protocol analysis was not undertaken but the analysis ac-
cording to initial mobility (ie, baseline , 27 or � 27 on HiMAT) was
undertaken. Statistical analysisa was carried out by an independent
statistician.
Results

Flow of participants through the trial

A total of 144 people with TBI were recruited from five
rehabilitation centres across Australia. Participants in the experi-
mental and control groups were similar in terms of age, sex,
height/weight, affected side, orthopaedic injuries, time in post-
traumatic amnesia and Glasgow Coma Scale scores (Table 1). By
month 3, 13 participants (9%) were lost to follow-up and by
month 6, 30 participants (21%) were lost to follow-up (Figure 1).
The reasons for loss to follow-up were: unavailability due to
returning to a regional area (n = 16), COVID restrictions (n = 7)
and withdrawal or refusal (n = 7). The primary outcome was
collected from 100% of the retained participants at month 3 and
month 6.

Eight therapists delivered the intervention (mean 28 participants,
SD 8): they had on average 6 years of clinical experience (SD 2) and
four (50%) had postgraduate qualifications.
Compliance with trial method

For the participants who were analysed at 3 months, the mean
number of sessions delivered was 31 (SD 3) out of a possible 36 (ie,
86%) and this was similar between the experimental group (mean 30,
SD 2) and the control group (mean 32, SD 4). The mean session time
was 43 minutes (SD 8). A total of 191 sessions were missed due to
COVID, and recruitment was placed on hold for extended periods at
three sites. Participants in the experimental group spent an average of
41 minutes exercising per 60-minute session (total time 2,878 mi-
nutes) compared with 45 minutes for the control group (total time
3,252 minutes). There were two study-related adverse events in the
experimental group; both were non-injurious falls that did not pre-
vent the participant from continuing the session. The secondary
outcome measure–muscle power generation–was not measured in
this trial as originally intended. A preliminary study used a string
potentiometer as a surrogate measure of muscle power generation.19

Further testing of this method demonstrated that it was not a valid
measure of muscle power in a clinical setting, which meant that this
secondary outcome measure had to be removed from the protocol.
Examination of protocol adherence did not find any other protocol
breaches.



Ta
bl
e
2

M
ea

n
(S
D
)
of

gr
ou

ps
,m

ea
n
(9
5%

CI
)
di
ff
er
en

ce
w
it
hi
n
gr
ou

ps
,a

nd
m
ea

n
(9
5%

CI
)
di
ff
er
en

ce
be

tw
ee

n
gr
ou

ps
(i
nt
en

ti
on

-t
o-
tr
ea

t
an

al
ys
is
).

O
ut
co

m
e

G
ro
up

s
D
iff
er
en

ce
w
it
hi
n
gr
ou

ps
D
iff
er
en

ce
be

tw
ee

n
gr
ou

ps
a

M
on

th
0

M
on

th
3

M
on

th
6

M
on

th
3
m
in
us

M
on

th
0

M
on

th
6
m
in
us

M
on

th
0

M
on

th
3
m
in
us

M
on

th
0

M
on

th
6
m
in
us

M
on

th
0

Ex
p
(n

=
70

)
Co

n
(n

=
74

)
Ex

p
(n

=
62

)
Co

n
(n

=
69

)
Ex

p
(n

=
56

)
Co

n
(n

=
58

)
Ex

p
Co

n
Ex

p
Co

n
Ex

p
m
in
us

Co
n

Ex
p
m
in
us

Co
n

M
ob

ili
ty

H
iM

A
T
(0

to
54

)
19

(1
2)

18
(1
2)

30
(1
3)

25
(1
5)

32
(1
4)

28
(1
5)

11
(9
)

8
(9
)

14
(1
1)

11
(1
0)

3
(0

to
6)

3
(–
1
to

6)

W
al
ki
ng

sp
ee

d
10

-m
w
al
k
te
st

(m
/s
)

1.
06

(0
.4
1)

0.
98

(0
.4
1)

1.
34

(0
.3
5)

1.
24

(0
.4
2)

1.
39

(0
.3
5)

1.
31

(0
.4
3)

0.
27

(0
.3
4)

0.
28

(0
.2
9)

0.
34

(0
.3
6)

0.
35

(0
.3
3)

0.
01

(–
0.
10

to
0.
11

)
–
0.
01

(–
0.
13

to
0.
11

)

M
us

cl
e
st
re
ng

th
6R

M
se
at
ed

le
g
pr
es
s
(k
g)

33
(2
0)

37
(2
2)

50
(2
4)

(n
=
60

)
59

(3
5)

(n
=
68

)
55

(3
2)

(n
=
51

)
63

(3
3)

19
(1
8)

22
(2
4)

25
(2
4)

24
(2
4)

–
3
(–
11

to
4)

0
(–
9
to

9)

Ba
la
nc

e
Si
ng

le
Le

g
St
an

ce
Te

st
(s
)

9.
1
(6
.7
)

7.
1
(6
.2
)

12
.2

(7
.6
)

11
.7

(7
.7
)

12
.9

(7
.0
)

11
.7

(7
.9
)

3.
0
(4
.2
)

5.
0
(5
.5
)

3.
8
(4
.8
)

5.
0
(6
.3
)

–
1.
9
(–
3.
6
to

–
0.
3)

–
1.
0
(–
3.
0
to

0.
9)

H
RQ

oL
A
Q
O
L-
6D

(–
0.
04

to
1.
00

)
0.
46

(0
.1
1)

(n
=
64

)
0.
46

(0
.1
1)

(n
=
67

)
0.
39

(0
.1
1)

(n
=
58

)
0.
42

(0
.1
0)

(n
=
64

)
0.
40

(0
.1
4)

(n
=
54

)
0.
41

(0
.1
1)

(n
=
54

)
–
0.
07

(0
.0
9)

(n
=
58

)
–
0.
04

(0
.1
0)

(n
=
63

)
–
0.
06

(0
.1
1)

(n
=
53

)
–
0.
06

(0
.1
1)

(n
=
53

)
–
0.
03

(–
0.
06

to
0.
01

)
–
0.
01

(–
0.
04

to
0.
04

)

A
Q
O
L-
6D

=
A
ss
es
sm

en
t
of

Q
ua

lit
y
of

Li
fe
,C

on
=
co

nt
ro
l
gr
ou

p,
Ex

p
=
ex

pe
ri
m
en

ta
l
gr
ou

p,
H
iM

A
T
=
H
ig
h-

le
ve

l
M
ob

ili
ty

A
ss
es
sm

en
t
To

ol
,H

RQ
oL

=
he

al
th
-r
el
at
ed

qu
al
it
y
of

lif
e,

6R
M

=
si
x-
re
pe

ti
ti
on

m
ax

im
um

.
a
A
N
CO

V
A
ad

ju
st
ed

fo
r
ba

se
lin

e
H
iM

A
T
sc
or
e,

ag
e,

se
x
an

d
le
ng

th
of

ti
m
e
in

po
st
-t
ra
um

at
ic

am
ne

si
a.

Research 5
Effect of intervention

In terms of mobility, the experimental group scored 3 points (95%
CI 0 to 6) higher on the HiMAT than the control group (Table 2) after 3
months of ballistic resistance training. By 6 months, they scored 3
points (95% CI –1 to 6) higher than the control group.

For walking speed, the groups had similar results. At 3 months, the
experimental group walked 0.01 m/s (95% CI –0.10 to 0.11) faster than
the control group. By 6 months, they were 0.01 m/s (95% CI –0.11 to
0.14) slower than the control group.

For muscle strength, the groups had similar results. The experi-
mental group was 3 kg (95% CI –4 to 11) weaker than the control
group at 3 months and they were equivalent (95% CI –9 to 9) by 6
months.

In terms of balance, the experimental group could stand on one
leg for 1.9 s (95% CI 0.3 to 3.6) less than the control group at 3
months; however, the groups were again similar by 6 months, when
the experimental group could stand on one leg for 1.0 s (95% CI –0.9
to 3.0) less.

For health-related quality of life, the groups had similar results. At
3 months, the experimental group scored 0.03 points (95% CI –0.01 to
0.06) lower on the AQOL-6D than the control group. By 6 months,
they scored 0.01 points (95% CI –0.04 to 0.04) lower than the control
group.

Subgroup analysis

At 3 months, ballistic resistance training produced an extra 6
points (95% CI 1 to 10) on the 54-point HiMAT in the subgroup of
participants with a baseline HiMAT , 27 (Table 3).

For all outcomes, individual participant data are presented in
Table 4 on the eAddenda.
Discussion

This randomised trial found that replacing three sessions per
week of non-ballistic exercise rehabilitation with ballistic resistance
training resulted in similar or better mobility. This was largely
maintained at 6 months. The two types of exercise rehabilitation had
similar effects on the secondary outcome measures. An exploratory
subgroup analysis found the use of ballistic resistance training led to
even greater improvements in mobility among those with more se-
vere disability.

Although the 3 months of ballistic resistance training resulted in
bettermobility thannon-ballistic exercise rehabilitation, itwas not as a
consequence of faster walking. The increase in HiMAT scores reflected
an increase in the ability to perform tasks that involve aflight phase (ie,
running, skipping, hopping and jumping). In addition, there was no
important between-group difference in strength, probably because
strength was measured as force production rather than power gener-
ation, which was trained in the experimental group. There was a
transient observation at 3 months, where the control group had better
balance than the experimental group and this may have been because
balance training was included in their intervention, which reflected
usual physiotherapy intervention. By 6 months, the between-group
difference had weakened to only 1 second, with enough uncertainty
that it became unclear whether any effect is sustained.

The participants in this trial had extremely severe traumatic brain
injuries.30 They were 4 months post injury and had spent around two
of those months in post-traumatic amnesia. Their Glasgow Coma
Scale score was on average 6, which is considered to be a very severe
brain injury. They were mostly male, in their mid-30s and although
they walked at about two-thirds of normal speed, their balance was
poor. Nevertheless, both groups made marked gains over the 6
months of the trial, with walking speed and strength increasing to
normal levels, although balance remained fairly poor. However,
quality of life did not change over this time; this may be because the
participants, who were primarily recruited as hospital inpatients,
were subsequently faced with restrictions to societal participation



Table 3
Post-hoc subgroup analysis of low scorers (, 27 on HIMAT) versus high scorers (� 27 on HiMAT) for 3-month mobility.

Outcome Groups Between-group difference
within subgroupsa

Subgroup , 27 Subgroup � 27 Subgroup , 27 Subgroup � 27

Exp (n = 55) Con (n = 58) Exp (n = 16) Con (n = 15) Exp minus Con Exp minus Con

Mobility at 3 months
HiMAT (0 to 54)

25 (12)
(n = 46)

21 (13)
(n = 56)

42 (9)
(n = 16)

44 (9)
(n = 13)

6 (1 to 10)
(n = 102)

0 (–7 to 6)
(n = 29)

Con = control group, Exp = experimental group, HiMAT = High-level Mobility Assessment Tool.
a Linear regression model adjusted for baseline HiMAT score, age, sex and length of time in post-traumatic amnesia.
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once they had been discharged from hospital. In general, higher levels
of mobility are associated with greater societal participation and
quality of life after traumatic injury.23 However, transitioning home in
the subacute rehabilitative phase is a time of considerable adjustment
and likely to have impacted quality of life.

The improvement in mobility is in line with an earlier study of
ballistic resistance training in stroke.34 The differential benefit for
those with lower mobility at baseline is an unusual finding in
neurological mobility studies, where the trend is for the more mobile
to benefit more from clinical interventions.35,36 However, the more
mobile participants in studies of stroke are comparable with the less
mobile people with TBI in this current study. Taken together, it ap-
pears that people walking . 0.5 m/s but scoring , 27 on the HiMAT
may be most likely to benefit from ballistic resistance training.

This randomised trial had both strengths and weaknesses. Its
main strengths were that it was fully powered, the groups were
similar in baseline characteristics, there was concealed allocation to
groups, measurers were blinded to group allocation, and an
intention-to-treat analysis was performed. Furthermore, most of the
intervention was delivered despite the disruptions caused by the
COVID-19 pandemic. However, there was no blinding of participants
or therapists, which is difficult in complex physiotherapy in-
terventions. Furthermore, there was . 20% loss to follow-up at 6
months, so these results need to be interpreted with caution.

The main clinical implications of this study are two-fold. First,
specific resistance training,16,17 which requires exercises to be pre-
scribed in a way that replicates how muscles function (ie, is fast or
ballistic), has a similar or better effect on mobility than non-ballistic
exercise rehabilitation in people recovering from TBI. Second, the
exploratory subgroup analysis indicates that it may be beneficial to
target those who can walk independently yet still score , 27 on the
HiMAT.

In conclusion, this randomised trial suggests that ballistic resis-
tance training has a similar or better effect on mobility than non-
ballistic exercise rehabilitation in people following TBI and may be
particularly helpful for individuals with more severe mobility limi-
tations, but not at the expense of balance training.
What was already known on this topic: Mobility limitations
are common in people with a traumatic brain injury. Although
poor balance and spasticity are common, the main contributor to
mobility limitations after traumatic brain injury is low muscle
power generation.
What this study adds: Ballistic resistance training has a similar
or better effect on mobility than non-ballistic exercise rehabili-
tation in people with a traumatic brain injury. Using ballistic
resistance training in place of some non-ballistic exercise reha-
bilitation seems particularly useful among those with low base-
line mobility.

Footnotes: aStata Statistical Package v17, StataCorp, College
Station, TX, USA.

eAddenda: Appendices 1 to 3, Table 4 available at https://doi.org/
10.1016/j.jphys.2022.09.004
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